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SUMMARYOF RESEARCH

Work under this grant has involved further development of a new aircraft instrument (the

cloudscope) for real time characterization of atmospheric particulates together with field

observations of such particulates, both in the form of ice and also as nuclei responsible for

nucleation of both ice and water cloud particles. Part of the work involving assessment of the

frequency of ice crystal shapes has been carried out in collaboration with the Meteorological

Service of Canada; part of the work in a field program with the NCAR C-130. Part of the work

has been interpreted in terms of laboratory simulation of ice crystal growth under a wide variety

of conditions carded out under a grant from Physical Meteorology Program, National Science

Foundation.

FINDINGS

a. Instrumentation and Analysis.

The Cloudscope, an instrument which captures and processes nuclei, ice particles and

drizzle drops was further developed for aircraft operations in the Arctic to provide, as two

separate instruments, a capability of a field of view 1/2 mm or 1 cm. The former was used for a

study of ultra giant hygroscopic nuclei (b. below); the latter for larger ice particles to determine

their density and density gradient from a measurement of their evaporation rate on heating (c.

below). Software was further developed to provide the evaporation rate of such particles having

different shape to speed the analysis. (Hallett et. al 1998, Meyers and Hallett 2001)

b. Ultra Giant Hygroscopic Nuclei.

The cloudscope was deployed in FIRE-ACE from Fairbanks April/May 1998 on the

NCAR C-130 during flights over the Beaufort Sea to measure hygroscopic nuclei for dry

diameter > 1_tm. Particles were collected on a forward facing optical flat and video imaged from

behind; the collecting window could be heated to induce crystallization of solution particles.

Alternatively the particles could be observed to grow on entry into moister conditions implying

that they were hygroscopic. Particles were found in concentrations up to 4 per liter and diameter

up to 11 _tm dry size. On occasion, no particles at all were found, implying a concentration of

less than one in 60 liters. Comparison with CCN measurements showed concentrations between

200 and 400 cm "3 (active between 0.04 and 1% supersaturation) with no obvious relationship to

UGN concentration. It was concluded that a significant gap in measurement capability existed

between 0.1 and _m; it was further concluded that the concentration of UGN particles was

highly variable both with altitude and location and between different days. It is argued that since

particles in this size range may be responsible for nucleation of both drizzle drops and ice

particles cloud may be readily removed as ice or drizzle or persist depending on the presence or

absence of this size of hygroscopic particle. There are thus major implications for the persistence

or otherwise of cloud depending on the presence or otherwise of such nuclei and the radiative

impact of such clouds. It may further be hypothesized that such nuclei are responsible for most

supercooled drizzle and hence associated aircraft icing hazards. (Meyers and Hallett 2001;

Hallett and Isaac 2002)

c. Ice Particle Density.

Measurements have been made of ice particles collected in Florida and in the Pacific to

determine the range of densities from the viewpoint of finding the vertical mass flux of

precipitation from measured images. The basic measurement is the area of the collected particle



andits rateof changeastheparticleevaporates.Thearearelationrategivestheparticledensity
directly;a constantdensityparticle_iveslineararea- time evaporation.Ice particledensityis
foundto rangeover0.05- 0.9g cm'L Shouldtheparticledensityvary with location,therelation
is no longerlinearandachangingdensitycanbedetermined.Integrationgivestheparticlemass
andmeandensity;aknowledgeof environmentalconditionsandanestimateof dragcoefficient
givesthefall velocity andhence,integratedoverparticlesizeof asample,a verticalmassflux.
(Kingsmill et. al 2000;Hailer andIsaac2002)

d. Ice Particle Shape.

The habit of growing ice crystals depends on both temperature and supersaturation of the

growth environment. Recent laboratory studies (Bailey and Hallett 2002) have extended earlier

work at temperatures from 0 to -20C to below -70C. The temperature - supersaturation map

displays a complexity both in habit of individual elements and also in degree of polycrystals. The

results suggest that providing the growth temperature is known, the supersaturation (as

influenced by fall velocity) can be inferred from growth form. Measurement of ice particle

growth shape in the Arctic undertaken with the MRC Convair aircraft under a wide variety of

conditions using the PMS 2DC and the CVI have demonstrated that most crystals observed

(95%) differ dramatically from the idealized pristine forms (plates, columns, dendrites) reported

in many studies and often used as a basis for calculation of radiative properties. Interpretation of

many of these forms can now be undertaken with reference to the laboratory study.

Further laboratory studies under controlled changes of environmental conditions have

demonstrated how drops freeze followed by sequential growth from the vapor and sequential

evaporation. These considerations enable different forms of crystals observed to be interpreted in

terms of growth and evaporation on frozen drops. Most important is that images showing

apparent crystal aggregation can be reproduced in the laboratory in terms of growth from the

vapor alone where such a process could not have taken place.

These considerations point to the following conclusions:

The habit distributions of ice crystals in a given air parcel differed depending on

circumstances. Two cases can be identified. First a parcel is cooled by expansion and crystal,

forms follow the temperature/supersaturation history of the parcel. The habits follow the

detail of the ice nucleation process and sometimes multiple habits occur. An alternative

scenario is that ice forms in a similar way but in multiple layers in the vertical such that ice

from above falls to a cloud below. Thus a bimodal or multimodal spectrum may occur. These

considerations have major implications for how spectra are to be specified under different

formation conditions and the associated algorithms.

• The radiative properties of most ice crystal clouds are determined by properties of irregular

shaped crystals rather than pristine crystals.

The temperature near -41 C is critical for two reasons: homogeneous nucleation of

supercooled droplets takes place; bullet rosettes form from such nucleation and grow at a

faster rate than the more compact polycrystals which nucleate and grow elsewhere. (Korolev

et. al 1999; Korolev et. al 2001; Korolev et. al 2002, Korolev et. al 2003; Hal lett et. al 2001;

Bailey and Hallett 2002a; Bailey and Hallett 2002b; Bailey et. al 2002)



e. Contrail Ice.

The laboratory results apply equally to contrail produced ice with the proviso that the

nucleation takes place rapidly as the exhaust cools and ice growth is then specified by the

ambient temperature and a supersaturation predicated by a concentration determined by the

initial turbulence and the final ice concentration and size. In this case at a known temperature

and measured concentration and size, a supersaturation for the growth of the particles should be

possible. The observed trigonal symmetry is a bit of as a mystery here. (Hallett et. al 1999;

Hallett et. al 2001)

f. Conclusions.

It is concluded that any future aircraft study of ice at low temperature must take into

account the considerations discussed above particularly in the way the measurements are made

and the flight protocols for the aircraft. In the absence of such an approach the results will be

almost impossible to interpret in terms of any realistic physical regime.
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